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A B S T R A C T
In the present study, the erosion of polished nickel and copper electrode surfaces (with an average
roughness of ca. 4.5nm) exposed to a low number (1−3) of sparks in a spark discharge nanopar-
ticle generator were investigated with the purpose of better understanding the utilization of the
energy pumped into the electrodes as well as the processes leading to the generation of aerosol
nanoparticles. It was shown that even a single oscillatory discharge creates complex morpholog-
ical changes on the electrode surfaces. Three main erosion features were identified (referred to
as craters, undulated areas and dendritic areas) and characterized by optical, confocal laser scan-
ning and atomic force microscopy. Their potential formation mechanisms are also discussed. By
estimating the total energy needed to melt the electrode material corresponding to the volume of
the craters individually identified and associated with the first half-cycle of the discharge, it was
shown that the electric energy pumped into the electrodes in the form of Joule heating is mostly
consumed by the melting of the electrode material, which is followed by re-solidification. Hence,
only a small fraction of the electrode material is actually evaporated into the ambient gas. This
explains the very low value of the energy-efficiency in the commonly used Jones model.
Our results indicate that only a part of the material that leaves the electrode surface is actually
converted into an aerosol. The input to the aerosol formation is either vapor or molten mater-
ial ejected from craters. Ejected molten material can lead to the formation of micrometer-sized
aerosol particles (“splashing particles”). Some of the metal vapor is deposited on the surface in the
vicinity of craters forming dendritic areas, whereas only a fraction of the metal vapor is carried
away by the ambient gas and may form aerosol nanoparticles. This study clearly indicates that
erosion processes in spark discharge nanoparticle generators are very complex and can not be
reasonably described by simplified erosion models.
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1. Introduction
Nowadays there seems to be a great and continuously growing need in the industry for the versatile, reproducible and mass pro-
duction of nanoparticles (NPs). One of the few techniques that can meet the requirements is the generation of NPs by means of elec-
trical spark discharges (Schwyn, Garwin, & Schmidt-Ott, 1998). In the so-called spark discharge generators (SDGs), high-voltage and
high-current, microsecond-long spark discharges are created between two electrodes, made of practically any conducting or semi-con-
ducting material, in a controlled inert gas flow at atmospheric pressure in order to produce high-purity NPs in an environmentally
friendly and up-scalable way (Meuller et al., 2012; Pfeiffer, Feng, & Schmidt-Ott, 2014). Although the fundamentals of the generation
process are not yet fully understood, the overall process is that the spark plasma erodes the electrode material and produces vapor,
which is converted to NPs via nucleation, condensation, coagulation and aggregation (Borra, 2006; Feng, Biskos, & Schmidt-Ott, 2015)
facilitated by the carrier gas. Consequently, a key element of the process is electrode erosion.
The electrode erosion in an SDG is usually described by the simple model of vaporization of the electrode material in a small
spot created by the spark plasma channel (Feng, Huang et al., 2016; Muntean, Wagner, Meyer, & Seipenbusch, 2016; Pfeiffer et al.,
2014; Tabrizi, Ullmann, Vons, Lafont, & Schmidt-Ott, 2009). By assuming that the energy delivered by the spark channel is in balance
with the energy output represented by thermal conduction and radiation, the mass evaporated from such a spot can be calculated
(Jones, 1950); this is the so-called Jones model. The Jones model requires an experimentally determined energy-efficiency factor,
which has a remarkably low value – in the order of 0.1% – in case of a traditional SDG (Feng, Huang et al., 2016). By incorporating
the energy efficiency factor (as well as other experimentally determined parameters), the mass derived from the energy balance gives
a reasonably good estimate of the material eroded in an SDG at varying inter-electrode distances (Feng et al., 2015) and for several
electrode materials (Muntean et al., 2016). However, the highly simplified character of this approach is well reflected by the fact that
it erroneously predicts the relative erosion of certain materials, e.g. gold and silver (Tabrizi, Ullmann et al., 2009) and cannot explain
the origin of the very low value of the energy-efficiency factor.
The electrode erosion in the SDG is the source of atomic vapor which feeds NP formation. Therefore the erosion process is usually
investigated indirectly through the examination of the generated particles (e.g. Horvath & Gangl, 2003; Feng, Wong & Hong, 2016).
Direct measurements investigating the erosion process were performed exclusively on the multi-spark level – when the electrode sur-
face is treated by thousands or even millions of sparks – usually by gravimetry (by measuring the mass loss of the electrodes due to
the sparking (Tabrizi, Ullmann et al., 2009; Muntean et al., 2016)). The changes of the electrode surface morphology after prolonged
sparking in an SDG was only recently examined by the present authors, and the formation of self-ordered patterns was reported on
various electrode materials (Wagner, Kohut, Geretovszky, Seipenbusch, & Galbacs, 2016). Contrary to the limited experimental data
on the electrode erosion (especially dealing with the morphological changes of the surface) in an SDG, extensive research was con-
ducted on the electrode erosion in related areas such as cathodic arc discharges (Anders, 2009), microelectric discharge machining
(Feng, Wong et al., 2016) or spectroanalytical spark discharges (Brewer & Walters, 1969; Ekimoff & Walters, 1981). A comprehensive
overview on the formation of surface patterns in case of various types of discharges, such as DC glow, arc, gliding arc or barrier dis-
charges is given in a recently published cluster issue (Benilov & Kogelschatz, 2014).
Literature results, including our recent results (Wagner et al., 2016), suggest that the appealingly simple picture of the Jones
model, namely that electrode erosion in an SDG takes place at a single spot heated by the spark channel, is an oversimplified one. In
order to gain a better understanding of the utilization of the energy pumped into the electrodes as well as the processes leading to the
generation of aerosol nanoparticles, the erosion of the surface of the electrodes is investigated on a single-spark level in the present
study. The erosion patterns on nickel and copper electrodes are characterized by optical, confocal laser scanning and atomic force
microscopy and their potential formation mechanisms are also discussed.
2. Materials and methods
2.1. Experimental setup
The flowchart of the setup is schematically depicted in Fig. 1. The chamber geometry was optimized for versatility and NP pro-
duction (www.buonapart-e.eu), and the chamber itself was manufactured by Pfeiffer Vacuum GmbH. It is a DN-160 sized, cylindrical
stainless steel chamber equipped with four, radially oriented KF-40 ports. The chamber was set up in an upright position, in which
the two large KF-160 ports were located horizontally. One of the KF-160 ports was sealed by a blank flange, whereas the other was
closed with a fused silica window in order to facilitate optical observation.
A 99.995% purity nitrogen (Messer Hungarogáz Ltd.) carrier gas flow, entering the chamber via the top KF-40 port (downward
pointing “crossflow”) was employed during the experiments. The flow rate of the carrier gas was controlled by a mass flow controller
(Model GFC16, Aalborg Instruments & Controls, Inc.) and set to 5 sl/min. All experiments were carried out at atmospheric pressure,
maintained by a diaphragm pump and monitored by a piezo-resistive pressure gauge (Model VD81, Pfeiffer Vacuum GmbH/Thyra-
cont Vacuum Instruments GmbH).
A simple capacitor charging circuit fed the spark discharge. A monolithic, high voltage, pulse discharge capacitor (Model 450P-
M980, General Atomics) with a capacitance of 8nF was connected in parallel to the spark gap and charged by a high voltage capac-
itor charging power supply (Model HCK 800–12500, FuG GmbH). The discharge of the capacitor commences when the voltage on
the capacitor reaches the breakdown voltage of the gas in the electrode gap. The resulting spark is a bipolar, oscillatory discharge,
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Fig. 1. Schematic picture of the experimental setup. The abbreviations PIC, FIC, PI, and HV probe stand for pressure indicator controller, flow indicator controller,
pressure indicator, and high voltage probe, respectively.
the damping coefficient and the oscillation frequency of which are set by the net impedance (determined by the total capacitance,
resistance and inductance) of the discharge loop. Please note that in accordance with related literature, we use the following nomen-
clature throughout this work to describe the sparking process: a “single spark” refers to an oscillatory discharge, which includes all
discharge events associated with a single depletion of the capacitor.
The power supply in our system could be triggered either manually or remotely via a signal generator using our in-house devel-
oped custom circuitry. Thereby, the number of sparks as well as their frequency was well-controlled. The voltage and current wave-
forms in the discharge loop were recorded by a 200MHz digital storage oscilloscope (Model DSOX2024A, Keysight Technologies Inc.)
using a broad-band high voltage probe (Model TT-HVP 15HF, Testec Elektronik GmbH.) and a current probe (Model 110, Pearson
Electronics, Inc.), respectively. The duration of the oscillatory discharge (the characteristic duration of the exponentially decaying
current waveform) was about 3–6 µs with peak currents of about 400–700A.
2.2. Experimental procedure
The electrodes employed in this investigation were of cylindrical shape with a 3mm diameter. The material of the electrodes was
Cu (99.9% purity, Kurt J. Lesker Co.) and Ni (99.9% purity, Kurt J. Lesker Co.). Prior their use, the opposing circular faces of the
electrodes were polished. The polishing was preceded by successive water-lubricated sanding with 600, 800 and 1200 grit sanding
paper. Machine polishing was conducted by sequentially employing synthetic diamond suspensions of smaller and smaller particles
(9µm, 3µm and finally 0.25µm grain size) placed on a polishing cloth. Finally, the remaining polishing grit was removed by sonica-
tion in demineralized water and careful wiping with ethanol. The average roughness of the resulting polished surface was typically
about 4.5nm.
Before each experiment, the status of the electrode surfaces were documented using optical dark-field and bright-field microscopy.
Bright-field microscopy did not reveal any blemishes on the polished electrode surface, however dark-field illumination revealed the
presence of some straight scratches with characteristic lengths in the range of a few tens of micrometers to several millimeters. The
scratches are distributed randomly on the surface, which suggests that they form during the polishing procedure. Since the surface
formations created by erosion had distinctly different shapes from these straight scratches, their presence did not interfere with our
experiments.
In order to guide the spark channel towards the center of the polished electrode surface and to avoid sparking between the elec-
trode edges, removable caps made from insulating materials were used to cover most of the opposing electrode faces except for a
central circular area of approx. 1–2mm in diameter. The electrodes were horizontally positioned and axially aligned with submillime-
ter accuracy. The inter-electrode distance (i.e. electrode gap) was controlled by micropositioners (Model K150-BLM-1, MDC Vacuum
Ltd.) and set to 2.0mm for all results reported herein. After the initiation of the spark or sparks (typically 1–3sparks), the electrodes
were removed and characterized by optical- (OM), confocal laser scanning- (CLSM), and atomic-force microscopy (AFM) with the
instruments Nikon Optiphot 100S, Keyence VK-X100K, and PSIA XE-100, respectively.
3. Results and discussion
3.1. Description of the observed surface features
Fig. 2a shows the surface of a polished nickel electrode subjected to a single oscillatory spark discharge. It can be seen that even
a single spark produces complex morphological changes on the surface of the electrodes. The discharge affected the surface at sev-
eral, partially overlapping areas that have a roughly circular shape and are scattered all over the exposed electrode surface. The
presence of multiple erosion sites on the surface can be qualitatively explained by the multiple peaks in the current and voltage
waveform of the spark (the number of the structured sites is comparable to that of the half-periods in the oscillatory current wave
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Fig. 2. Dark-field OM micrograph of the surface of an initially cathodic, polished nickel electrode after a single spark (a). Current waveform of the oscillatory spark
discharge (b) that produced the morphology shown in part a).
form shown in Fig. 2b). As it was mentioned in the Methods section, the sparks produced in an SDG have oscillatory behavior, there-
fore each spark can be considered as a series of discharges with alternating polarity and exponentially damping voltage and current
amplitude (Fig. 2b). Fig. 2 suggests that this oscillatory nature of the sparks produced in the SDGs might play an important role in the
formation of the complex surface morphology observed.
The detailed investigation of the electrode surface exposed to a single spark reveals well distinguishable morphological structures.
Fig. 3 exemplifies the three kinds of surface features formed after a single spark: craters (a), “undulated areas” (b) and “dendritic
areas” (c), named tentatively according to their appearance. These morphological features were found to be general for both Ni and
Cu electrodes (cf. the left and right panels of Fig. 3) and will be discussed in detail in the following subsections.
3.1.1. Craters
Craters are the most abundant surface feature produced by a single spark (see Fig. 2, Fig. 3, and Fig. 9). Even during a single
oscillatory discharge, several hundred to several thousand craters are formed on the surface.
Craters are characterized by a roughly circular central depression surrounded by a protruding rim of distinctly molten appearance
(Fig. 4). Micropoints and strands of metal on the rim indicate a fast movement of molten material with subsequent rapid re-solidi-
fication. Individual craters often occur in the vicinity of each other, sometimes leading to overlapping cluster of craters. The latter
holds especially for larger craters, while small craters are usually scattered with some distance between them. Craters often form in
chains along a curve, with smaller craters scattered on one side of the chain. As can be seen in Fig. 4, these chains are formed around
a central arrangement of craters, with the scattered side facing outwards.
The crater morphology was found to be identical for both nickel and copper electrodes. The depth of the craters is always sig-
nificantly smaller than the radius therefore the craters can be described as hemi-ellipsoidal in shape. The appearance of most of the
craters does not show polarity dependence, both initially anodic and cathodic electrodes show similar morphology. An exception to
this was found for the largest craters, which will be discussed in Section 3.2.
We also observed a further erosion phenomenon, which can be referred to as “splashing”. This most probably accompanies crater
formation, hence it cannot be considered as a primary feature. As it can be seen in Fig. 5, the displacement of the melt during crater
Fig. 3. CLSM micrograph of an initially anodic nickel electrode surface (left panel) and OM micrograph of an initially anodic copper electrode surface (right panel)
after a few oscillatory discharges. The observed main surface features are identified as (a) craters, (b) “undulated areas” and (c) “dendritic areas”.
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Fig. 4. Isometric visualization of an ensemble of craters, based on AFM data.
Fig. 5. Ensemble of craters on a nickel electrode (CLSM image). Note the ejected droplets at the rim.
formation also results in the ejection of molten droplets (melt expulsion). These micrometer-sized droplets may form at the rim of
surface areas covered by craters.
3.1.2. Undulated areas
This surface feature is characterized by a coherent area of characteristically undulated or wavy appearance, in which pre-existing
surface features (e.g. scratches) as well as craters appear to be smoothened (Fig. 6). The creation of these undulated areas actually has
a homogenizing effect on the morphology of the surface they cover, including other features, e.g. craters.
Fig. 6. CLSM image of an undulated area (indicated with a dashed circle) with a central ensemble of craters on an initially anodic Ni electrode.
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The smoothing effect is also observable on the submicron scale. Towards the center of an undulated area, the smoothened surface
transforms into the above-mentioned wavy structure. The intensity of smoothing is most pronounced in the center of the area and
decreases with an increasing distance from the center. On the edge of the undulated area, only submicron smoothing occurs, while
the characteristic appearance and smoothing of larger structures is more pronounced in the center.
3.1.3. Dendritic areas
This feature can be described as a large coherent area with a border exhibiting shapes reminiscent of fractals, tree leafs or
snowflakes. This similarity made us to name these features “dendritic areas”. On electrodes affected by several oscillatory discharges,
these areas are distinctly visible due to their higher brightness compared to other areas of the electrode, which is even more apparent
when dark-field optical microscopy is used (cf. Fig. 2a). Dendritic areas are sharply delineated at their boundary even at the microm-
eter and sub-micrometer scale, as can be seen in atomic force micrographs (see the inset in Fig. 7). The interior of these areas exhibit
an increased roughness with an average value of 12.6nm. The fine details have characteristic dimensions in the range of 100–200nm.
Single craters or groups of craters on electrodes subjected to several oscillating discharges are always accompanied by dendritic
areas. They appear as brighter spots on dark-field micrographs which makes them well discernible (Fig. 2a). However, isolated den-
dritic areas without central craters may also be present. Isolated dendritic areas are roughly circular in shape (Fig. 7).
3.2. Formation mechanisms of the observed surface features
As it was shown, the electrode surface is dominated by craters. The morphology of the craters bears a striking resemblance to
those reported for metal surfaces exposed to vacuum arcs (Daalder, 1981; Jüttner, 1987) and high-pressure spark discharges (Lasagni,
Soldera, & Mücklich, 2004). This similarity, despite of the different discharge conditions, suggests a common formation process for
these craters. The following process has been suggested for craters formed in vacuum arcs (Jüttner, 1979). In the beginning, the inci-
dent ions of the discharge channel heat the electrode surface at the channel's contact point, forming a molten pool. The ion pressure
deforms and forces the molten material radially outwards, forming the central depression as well as the crater rim. At some point, the
discharge channel may not be maintained in the center of the crater and is transferred to the rim, where micropoints affect a high
field strength.
A similar process has also been proposed for high pressure spark discharges (Lasagni et al., 2004). In contrast to craters produced
by vacuum arc discharges, the craters on polished nickel electrodes subjected to a single-spark mostly do not form coherent chains
of overlapping craters. While overlap may occur, the majority of the craters are scattered over the surface. The scattered crater dis-
tribution could be the influence of an oxide layer on the electrode. For vacuum arcs, it has been reported that the presence of an
oxide layer as thin as a few nanometers may induce a transition of the typical chain-like configuration (the so called “type 2” craters
(Anders, 2008)) towards scattered craters (“type 1” craters) (Guile & Jüttner, 1980). As the formation of a thin oxide layer may only
be prevented by cleaning, handling and sparking the electrodes in ultra-clean atmosphere, oxide layers will always be present on elec-
trodes employed e.g. in spark discharge generators. The above-mentioned effect is especially important in single-spark experiments,
where an oxide layer or contaminants are practically always present on the electrode surface. During prolonged sparking, however,
the electrode surface can “self-clean” and transition from type 1 to type 2 craters can occur (Boxman, Sanders & Martin, 1995).
The diameter of craters produced in vacuum arcs correlates with the arc current (Jüttner, 1979). In spark discharges typical
to SDGs, the current is oscillating in time with an exponentially damping amplitude (see Fig. 2b). In addition to this, in contrast
to arc discharges, the width of the spark channel is also evolving in time in case of SDGs (Palomares, Kohut, Galbács, Engeln, &
Fig. 7. CLSM image of an isolated dendritic area containing a central crater. Image processing was used to enhance the inner structure. Inset: AFM scan of the border
of a dendritic area. Notice the sharp border and the fractal-like appearance of the surface.
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Geretovszky, 2016), which means that the current density varies during each single spark event. Therefore, the largest craters in an
oscillatory discharge are likely to form during the first half-cycle, where the current is the highest and the channel is the thinnest.
The presence of hundreds of craters after a discharge of about 3–6µs duration comes as a surprise. The formation of multiple
craters was shown for atmospheric pressure oscillatory spark discharges (Brewer & Walters, 1969; Lasagni et al., 2004), but the au-
thors did not report an extremely high crater count. One possible explanation might be the multi-spark nature of the previous investi-
gations. As the electrodes are usually only removed from the sparking setups after thousands or even millions of sparks, their surfaces
are usually fully covered with sparks, obscuring the identification of the number of individual craters produces by a single oscillatory
discharge.
The rather high current existing in spark discharges might also have a contribution to the exceptionally large number of craters. It
is an early observation that the transition from a single crater to multiple craters correlates with the current increase in arc discharges
(Cobine & Gallagher, 1948). Due to the very low resistance of the discharge loop of the SDG, peak currents in the order of several
hundred amperes can be reached (Kohut, Galbács, Márton, & Geretovszky, 2017; Palomares et al., 2016), which is well above the
typical threshold currents (in the order of a few amperes) associated with the transition from a single arc crater to multiple craters
(Cobine & Gallagher, 1948). In order to investigate the role of the peak current, we modified our SDG circuitry by adding extra re-
sistance (a ca. 40Ω resistor) to the discharge loop, which resulted in strongly damped oscillations, characterized by only three half
cycles. Concomitantly, the peak current also decreased significantly from ca. 500A to about 10A.
The surface of an initially cathodic nickel electrode after a single spark with and without the added extra resistance is shown in
Figs. 8a and b, respectively. The addition of the extra resistance to the discharge loop drastically reduces the number of craters, as
well as the diameter of the largest craters. This proves, qualitatively but convincingly, that the peak current plays an important role
in crater formation.
In case of the high resistance circuit, the number of craters is higher on the initially cathodic electrode. As a direct consequence
of this, no craters at all were observable on the initially anodic electrode in some experiments. This is in line with observations of the
undamped discharge, where a slight polarity dependence was experienced in the case of the largest craters. Namely, the maximum
crater diameter on the anode was found to larger, while the number of craters in the spot associated with the first current half-cycle
is smaller. Brewer and Walters also reported on the polarity-dependence of crater formation. They attributed large, low-count craters
to the anodic polarity and diffuse larger-count craters to the cathodic electrode (Brewer & Walters, 1969).
As it was shown in Fig. 5, crater formation is accompanied by the ejection of micrometer-sized molten droplets which solidifies
at the rim of the craters. This phenomenon is known to occur also during the laser ablation of solid materials (Bleiner & Bogaerts,
2006; Fishburn, Withford, Coutts, & Piper, 2006) and it is also the likely source of micrometer-sized spherical particles reported to be
present in aerosols produced in SDGs (Tabrizi, Xu, van der Pers, Lafont & Schmidt-Ott, 2009b2009). It is plausible that the electrode
material influences the occurrence and size distribution of splashing droplets. The number concentration of the ejected droplets is
typically low (Tabrizi, Ullmann et al., 2009), which hinders the measurement of the size distribution of splashing particles. Therefore,
the experimental determination of the correlation between the crater and droplet size distributions is difficult. It may nonetheless be
qualitatively stated that larger craters as well as a higher surface tension and viscosity of the melt are expected to lead to the ejection
of larger droplets.
The increased resistance not only affects the number and the size of the craters, but also the formation of additional surface fea-
tures. Undulated areas seen in the low resistance case are practically missing in the high resistance case (cf. Fig. 8a and b). This
is understandable if one considers that in the low resistance case undulated areas were found to coincide with the largest craters
formed by a single oscillatory discharge (cf. e.g. Fig. 8b). If the individual sampling sites are spread, and hence the effect of each
current half-cycle is distinguishable (as in Fig. 2a), it becomes obvious that only a single undulated area forms per oscillatory event.
Fig. 8. Dark-field optical micrograph of an initially cathodic nickel electrode subjected to a single oscillatory spark with (a) and without (b) the extra 40Ω resistor.
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The fact that large craters are affected by the area's smoothing effect suggests that crater formation and the process that results in un-
dulation proceed in parallel, during the first half-cycle, which is probably related to the highest energy and hence the biggest thermal
load. Therefore, undulated areas likely to form as a “side-effect” of the formation of the largest craters due to the melting and then
the re-solidification of surrounding regions.
When the peak current was further decreased (complementing the addition of the 40Ω resistance) by decreasing the electrode gap,
the crater number became even lower (ca. 5 miniscule craters). However, dark-field optical microscopy revealed a dendritic area in
which pre-existing grooves on the surface were intensified. This indicates that these areas are associated with a low discharge energy
density. In Fig. 2, this kind of morphological feature is also visible after an oscillatory discharge without added resistance. Its presence
at the perimeter of individual circular sites is also in line with the low energy density. Apparently, the energy (density) necessary for
the formation of dendritic areas is lower than what is needed for the formation of undulated areas. As it is shown in the inset of Fig.
7, dendritic areas comprise a rough surface structure with typical sizes on the sub-micrometer scale. AFM measurements performed
on these sites reveal further, nanometer-sized structures. These structures are protruding from the smooth, flat electrode surface and
exhibit a sharp boundary. The sharp, fractal-like border of the dendritic areas can be explained by the deposition of vapor or ejected
molten nanoparticles, since these were already shown to produce similar formations due to diffusion-limited aggregation of particles
and atoms in the case of epitaxial growth of metal layers (Bartelt & Evans, 1994).
3.3. The energy demand of crater formation
The description of surface erosion features we provided in the previous sections prove that the electrode erosion in an SDG, even
under the influence of single sparks, is a complicated process that cannot be expected to be adequately described by a single spark-sin-
gle crater model, such as the Jones model. In an effort to give a better characterization, we carried out a statistical evaluation of crater
data and calculated the energy demand related to crater formation, the dominant erosion process.
As it was shown, craters have a roughly circular central depression surrounded by a protruding rim of distinctly molten appearance
(Fig. 4). By comparing the volumes of the empty depression to that of the material protruding above the surface it can be estimated
that the volume of material deposited on and missing from the electrode are similar. In the particular case shown in Fig. 4, the volume
of the three biggest craters (i.e. the volume of the depressions) is ≈5.04×10⁠−2 μm⁠3, while the volume of the displaced material (i.e.
the volume of the protrusions) is ≈5.10×10⁠−2 μm⁠3, which corresponds to an approx. 1% difference, which is well within the accuracy
of the present experimental and evaluation technique. This suggests that the material is mostly displaced on the electrode surface and
only a small fraction is actually removed (evaporated). This finding is in line with the literature: studies on spark switches and arc
spots reported about very low energy efficiency of material removal (Wong et al., 2003; Nemchinsky & Showalter, 2003; Puchkarev
& Chesnokov, 1992).
It can be qualitatively seen in Fig. 6. and Fig. 9. that crater diameters range from few tens of micrometers down to submicron
sizes, with micrometer-sized craters being the most abundant. This was quantified by calculating the size-distribution of craters at the
largest erosion-affected spot (which is associated with the first half cycle of the discharge) of the electrode surface after subjecting it
to a single spark (cf. Fig. 9). Please note that the crater diameter here is defined as the diameter of a circle which has the same area
as the ellipse that can be fitted to the central depression of the crater (i.e. “equivalent crater diameter”). The depth of the craters is
defined as the height difference between the deepest point of the crater and the overall (plain) level of the surface, measured by AFM
and CLSM.
As shown in the left vertical axis of Fig. 10a, the size distribution of craters on Ni electrodes follows a log-normal distribution
with a modal diameter of approx. 6µm. It was also established that there is a linear relationship between the depth and the diameter
of the craters (the depth-to-dimeter ratio is ca. 0.178), for both Cu and Ni electrodes, which can be seen in Fig. 10b. As it was al
Fig. 9. CLSM image of the surface of an initially cathodic Ni electrode after a single spark (left). The biggest affected are on the surface associated with the first half
cycle of the current waveform (right).
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Fig. 10. The size distribution of craters produced by the first half cycle of a single spark on a Ni electrode (left vertical axis), and the energy needed to melt the
electrode material corresponding to the volume of a crater of a given diameter (right vertical axis) (panel a). The depth of these craters as a function of their diameter
as measured by CLSM and AFM, both on Ni and Cu electrodes (panel b).
luded to in Section 3.1., the craters have a hemi-ellipsoidal shape. Based on the data for the craters counted here, their volume can be
approximated as 0.062d⁠3. By utilizing this generalized volume formula, the energy needed during the first half-cycle to melt the ma-
terial which corresponds to the volume of a single crater having a diameter d (in meters), including radiation and conduction losses,
can be calculated from the energy balance (Eq. (1)).
(1)
where ρ (kgm⁠−3) is the density of the solid material, c⁠ps (JK⁠−1 kg−⁠1) is the heat capacity of the solid material, τ (s) is the duration
of energy input (which, in the present case, was taken as the length of a half-cycle, namely 150ns), k⁠e and k⁠a (Wm⁠−1 K⁠−1) are the
thermal conductivity of the electrode material and carrier gas, respectively, T⁠c and T⁠m (K) are the temperatures of the carrier gas
and the melting point of the electrode material, respectively, H⁠m (Jkg⁠−1) is the enthalpy of melting of the electrode material, and σ
(5.67×10⁠−8 Wm⁠−2 K⁠−4) is the Stefan–Boltzmann constant.
Fig. 10a (see the empty squares) shows that the energy needed (as calculated from Eq. (1)) to melt a volume of the electrode
material corresponding to the volume of a crater strongly increases with crater diameter. This actually can be expected, as the crater
volume increases with the cube of the diameter. However this also indicates that the smallest craters, which dominate the surface in
number, have only a minor contribution to the total energy needed for the melting the materials of all the craters shown in Fig. 9. The
formation of the bigger and medium-sized craters however consumes considerably more energy which makes them more important
from an energetic point of view, despite their relatively small number. This qualitatively explains the trends shown in Fig. 8 corre-
sponding to a low and a high resistance circuit case. By increasing the resistance in the discharge loop, the peak current and hence
the spark energy is decreased drastically and consequently only small craters form on the electrode surface. It can also be added that
the energy plot in Fig. 10a has a perfectly cubic shape, which suggests that the first term is dominating in Eq. (1). This means that the
cooling (represented by the second, third and fourth terms in Eq. (1)) of the heated volumes is negligible during the ca. 150ns period
of the first half-cycle.
From the data presented in Fig. 10a the total energy needed to produce all the craters shown in the right panel of Fig. 9 can be
estimated. By summing up the product of the energy needed to melt the volume of a crater and the number of craters having a certain
size, total energy demand calculated to be about 1mJ. The energy stored in the capacitor during these single-spark experiments prior
to sparking was about 300mJ, but only a small portion of it is dissipated during the first half cycle of the process. We estimated from
the instantaneous current, measured in the SDG having low resistance discharge loop by following the method described in Palomares
et al. (2016) that this portion is about 5mJ, which is pumped into both electrodes resulting in an energy input of roughly 2.5mJ per
each electrode. This agrees reasonably with the calculated 1mJ value, especially if we consider, that i) it is impossible to count and
measure all the craters on the surface and ii) the volume of the depressions is only a lower limit of the actually melted volume, and iii)
the molten material also heats up, both of which resulting in the underestimation of the energy demand of crater formation; moreover
iii) other morphological features (i.e. undulated and dendritic areas) also require some energy to form. So within the limits of this
simple qualitative model it can be concluded that the formation of the surface structure shown in the right panel of Fig. 9 can be fairly
well explained by thermal processes (most dominantly melting) driven by the electrical energy of the spark. Also, as evidenced by the
measurement of the volume of the displaced material on the surface and the mass loss of the electrodes, only a small fraction of the
electrode material actually leaves the electrode surface and serves as the source of any subsequent NP formation process.
The above considerations have a consequence on the simple one-spot energy balance models, such as the Jones model (Jones,
1950). This model imagines a single crater from which the material is fully evaporated by the spark plasma. It is only via the in-
corporation of an experimentally determined scaling factor (“energy-efficiency factor”) with a value as small as about 0.1% (Feng,
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Huang et al., 2016) that the Jones model can give a reasonably accurate estimate for the eroded mass of electrodes made of certain
metals (Feng et al., 2015; Muntean et al., 2016). It cannot explain the low value of the scaling factor and erroneously predicts the rel-
ative erosion of certain materials, e.g. gold and silver (Tabrizi, Ullmann et al., 2009). In reality however, as our observations show, a
high number of craters are produced by each single spark and most of the material is simply melted and re-distributed on the surface.
Thus, the evaporation of the fully removed material only accounts for a small fraction of the energy stored in the capacitor of the SDG.
This explains why the Jones model can work only if a very small scaling factor is incorporated in the equation. It also is plausible to
assume that the overall material removal caused by a given spark energy very much depends on the actual size of the craters, which
is dependent on material properties. As a consequence, the simplification of the complex surface pattern to a single “quasi-crater” is
not trivial for all electrode materials.
4. Conclusions
In the present study, the erosion of polished nickel and copper electrode surfaces exposed to a few, controlled number of sparks
in an SDG were characterized. It was shown that even a single oscillatory discharge creates complex morphological changes on the
electrode surfaces. The number of erosion sites qualitatively correlates with the number of half-cycles in the current waveform of the
spark, suggesting that each half-cycle can be regarded as fairly independent discharge events which affect the electrode surface at
different (sometimes overlapping) locations. Three main erosion features were identified, which we refer to as craters, undulated areas
and dendritic areas.
The most abundant erosion features are craters, which are formed in a great number (some hundreds) in each half cycle of the
discharge. The crater diameter ranges from sub-micrometer to several tens of micrometers and their depth was found to linearly cor-
relate with their diameter. Undulated areas form concomitantly with the largest craters, when the instantaneous current and also the
thermal load on the electrode is the highest. Dendritic areas, however, seem to co-exist on sites covered by craters, even in case of the
smallest ones, which indicates that their formation requires much lower energy than the formation of other features. The presence
of nanometer-sized particulate-like structures found within dendritic areas suggest that these surface features are formed via the con-
densation of the material evaporated from craters.
By estimating the total energy needed to melt the electrode material corresponding to the volume of the craters individually iden-
tified and associated with the first half-cycle of the current, a good match was found with the energy delivered to the electrode during
the same period of time. Moreover, the volume of the material protruding from the electrode surface found to be similar to the vol-
ume of the material missing from the depression in craters. These findings suggest that the electric energy stored in the capacitor and
pumped into the electrodes is mostly consumed by the melting of the electrode material, which is followed by re-solidification and
hence only a small fraction is actually evaporated into the ambient gas. It was also shown that the peak current should be regarded
as the main metric of the energy pumped into the spark gap.
Concerning aerosol generation in an SDG, our results indicate that only a part of the small amount of material that leaves the
electrode surface is actually converted into an aerosol. The input to the aerosol formation is either vapor or molten material ejected
from craters. Ejected molten material can lead to the formation of micrometer-sized aerosol particles (“splashing particles”). Some of
the metal vapor condensed onto the surface in the vicinity of craters forming dendritic areas, whereas the rest of the metal vapor is
carried away by the ambient gas and will form aerosol nanoparticles. From the above routes, only the last one can be considered to
produce the desired output of the SDG.
This study clearly indicates that erosion processes in SDGs are very complex and can not be reasonably described by simplified
erosion models. Our results concerning the formation energy of craters also explain the origin of the very low value of the energy-ef-
ficiency in the Jones model.
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